Objectives: The goal of this clinical study was to assess the influence of hyperemic ipsilateral, collateral and contralateral vascular resistance changes on the coronary flow velocity reserve (CFVR) of the collateral-receiving (i.e. ipsilateral) artery, and to test the validity of a model describing the development of collateral steal. Methods: In 20 patients with one-to two-vessel coronary artery disease (CAD) undergoing angioplasty of one stenotic lesion, adenosine induced intracoronary (i.c.) CFVR during vessel patency was measured using a Doppler guidewire. During stenosis occlusion, simultaneous i.c. distal ipsilateral flow velocity and pressure (P , using a pressure occl guidewire) as well as contralateral flow velocity measurements via a third i.c. wire were performed before and during intravenous adenosine. From those measurements and simultaneous mean aortic pressure (P ), a collateral flow index (CFI), and the ipsilateral, ao collateral, and contralateral vascular resistance index (R , R , R ) were calculated. The study population was subdivided into ipsi coll contra groups with CFI,0.15 and with CFI$0.15. Results: The percentage-diameter coronary artery stenosis (%-S) to be dilated was similar in the two groups: 78610% versus 82612% (NS). CFVR was not associated with %-S. In the group with CFI$0.15 but not with CFI,0.15, CFVR was directly and inversely associated with R and R , respectively. Conclusions: A hemodynamic interaction between coll contra adjacent vascular territories can be documented in patients with CAD and well developed collaterals among those regions. The CFVR of a collateralized region may, thus, be more dependent on hyperemic vascular resistance changes of the collateral and collateral-supplying area than on the ipsilateral stenosis severity, and may even fall below 1.
1. Introduction the presence of extensive collaterals has been associated with disadvantages, such as more frequent restenosis after Well developed collateral blood flow to an occluded percutaneous transluminal coronary angioplasty (PTCA) coronary artery seems to be sufficient to maintain myocar- [3, 4] , and the occurrence of coronary steal [5] . Coronary dial viability, and to protect against large infarcts, left steal is defined as hyperemia induced blood flow reduction ventricular (LV) aneurysm formation, impaired systolic LV instead of augmentation to a vascular region of interest (i.e. coronary flow reserve, CFR ,1) [5, 6] . Coronary steal, changes of the collateral circulation itself (R ), and that included into the study. All underwent PTCA of one coll of the contralateral, collateral-supplying region (R ) stenotic lesion because of symptoms related to CAD. contra [7] [8] [9] [10] . The interaction of adjacent vascular resistances Patients were prospectively selected as follows: (1) any may not exist in patients with poorly developed collaterals angiographic degree of coronary collaterals, (2) identifi- [10] .
able vessel supplying the collaterals (i.e. contralateral So far, the illustrated hemodynamic interactions during artery), (3) no auto-collaterals (i.e. no regional anastomhyperemia of the mentioned vascular resistances and their oses within the vessel undergoing PTCA as seen by effect on CFR have only been validated experimentally or angiography), (4) no previous infarction in the myocardial in an electrical analogue model [7, 8, 11] . The lack of such area undergoing PTCA (i.e. the ipsilateral area; Fig. 1 ), (5) investigations in patients with CAD may be due to the fact no previous infarction in the myocardial area supplying that at least three simultaneous intracoronary pressure and collaterals (i.e. the contralateral area; Fig. 1 ), (6) no blood flow velocity measurements are required at rest and baseline ECG ST-segment abnormalities. during hyperemia (Fig. 1) for the calculation of the The present investigation was approved by the institucirculatory parameters involved. Therefore, the goal of this tional ethics committee, and the patients gave informed clinical study was to assess the influence of hyperemic consent to participate in the study. ipsilateral, collateral and contralateral vascular resistance
The study population was divided into two similarly changes on the coronary flow velocity reserve (CFVR) of sized groups with fewer and more extensive collaterals the collateral-receiving (i.e. ipsilateral) artery, and to test according to the intracoronary (i.c.) pressure-derived collathe validity of a model describing the development of teral flow index (CFI) being ,0.15 (group CFI,0.15) or collateral steal.
$0.15 (group CFI$0.15).
Cardiac catheterization and coronary angiography 2. Methods
Patients underwent left heart catheterization. Aortic 2.1. Patients pressure was measured using the PTCA guiding catheter. Biplane left ventriculography was performed followed by Twenty patients with one-to two-vessel CAD were coronary angiography. Coronary artery stenoses were estimated quantitatively as percent diameter reduction. pressure guidewire was positioned distal to the stenosis to Angiographic collateral degrees (0-3) were determined be dilated, and a second i.c. Doppler guidewire was placed before PTCA: 05no contrast filling of the epicardial into the distal part of the coronary artery supplying the ipsilateral vessel via collaterals, 15small side branches collaterals to the ipsilateral vessel (i.e. the contralateral filled, 25major side branches of the main epicardial vessel vessel; Fig. 1 Fig. 1 ). Central venous pressure to test intra-individual statistical significance of adenosineoccl (CVP) was estimated to be equal to 5 mmHg. CFI was induced CFI changes. Linear regression analysis was used calculated as (P -CVP) divided by (P -CVP) [14, 15] .
for assessing the relation between CFVR and the stenosis occl ao Doppler-derived CFI: The velocity-derived CFI is calcuseverity of the lesion undergoing PTCA, and hyperemic lated as the ratio of flow velocity time integral distal to the vascular resistance changes. Mean values6standard deviaoccluded stenosis (Vi , cm) divided by that obtained at tion are given. Statistical significance was defined at a P occl identical location after PTCA (i.e. not occluded, Vi , value of ,0.05.
Resistance indices calculations 3. Results
The ipsilateral distal, collateral and contralateral distal 3. mmHg / cm / s) were calculated using an electrical analogue Eleven patients were in the group with CFI,0.15 and to model the vascular network as depicted in Fig. 1 [9, 16] .
nine patients in the group with CFI$0.15. There were no The necessary i.c. pressure and velocity parameters for the statistically significant differences between the two study mentioned resistance calculations were obtained simulgroups regarding age of the patients, gender, degree of taneously.
angina pectoris, the frequency of cardiovascular risk factors, or the use of vasoactive and lipid-lowering sub-2.6. Study protocol stances (Table 1 ). All patients were in sinus rhythm.
Following diagnostic coronary angiography, an i.c.
3.2.
Angiographic and coronary collateral data bolus of 0.2 mg of nitroglycerin was given in order to maintain epicardial coronary artery calibers constant. A
The occurrence of a previous non-Q-wave myocardial Doppler guidewire was positioned distal to the stenosis infarction in non-PTCA territory, the frequency of previundergoing PTCA, and CFVR was determined during ous PTCA, and LV ejection fraction were similar in the vessel patency. The Doppler guidewire was later used to study groups ( Table 2 ). The number of vessels affected by transport the PTCA balloon. An i.c. ECG obtained from CAD, and the severity of the stenosis undergoing PTCA as the Doppler guidewire was recorded. Then, the ipsilateral well as that of the contralateral vessel did not differ between the study groups ( Table 2 ). There were no Patients of the group CFI,0.15 more often had angina statistical differences in the frequency of the vessels pectoris and ST-segment shift .1 mm on i.c. ECG during treated by PTCA.
coronary occlusion when compared with the group CFI$ 0.15 (Table 2) . Angiographic collateral degree and pressure-as well as Doppler-derived CFI were lower in the CFI$0.15 (Table 3) . Adenosine-induced contralateral flow in CFI$0.15: P50.91. Fig. 2 provides an example of the velocity increased by a factor of about 2.5 during occlusion behavior of simultaneously obtained i.c. pressure and of the ipsilateral vessel.
velocity measurements in the ipsi-and contralateral cor- Table 4 illustrates that the CFVR of the ipsilateral artery onary artery before and during two occlusions. Distal (CFVR ) was higher in the group with CFI,0.15 than in (P ) and aortic pressures (P ) during the two occlusions ipsi occl ao that with CFI$0.15. CFVR was not different between show that there is an increase in CFI in this particular case contra the study groups. There was a trend towards lower (i.e. reduced P and constant P ). Fig. 3 respectively. The alterations in both groups were not patency before PTCA (Fig. 4A ). However, there was an inverse relation between adenosine-induced change in R coll and CFVR (Fig. 4B) , and a direct association between ipsi adenosine-induced change in R and CFVR ( Fig.   contra  ipsi   4C ). Focusing on the two study groups separately, these associations were present only in the group with CFI$0.15 ( Fig. 4B and C) .
Discussion
This study in patients with CAD is the first to directly and comprehensively document that the coronary flow reserve of a collateral-receiving region may be more dependent on hyperemic vascular resistance changes of the collateral and collateral-supplying area than on the ipsilateral angiographic stenosis severity. However, such hemodynamic interactions between adjacent regions of the coronary circulation appear to require the presence of well developed collaterals. As a consequence of this interaction, coronary steal via collaterals can occur.
Occlusive collateral flow changes during hyperemia in humans
Whether coronary steal, a particular scenario of hyperemic flow redistribution, occurs via collaterals or via adjacent coronary branches can only be decided by measuring collateral flow alterations during hyperemia. Feldman et al. [17] [18] [19] have employed great cardiac vein flow measurements for the assessment of collateral flow changes to a balloon-occluded coronary artery in response to nitroglycerin, nicardipine and propranolol. Nitroglycerin and nicardipine diminished myocardial ischemia by increasing collateral flow [17, 19] , whereas propranolol caused a worsening of collateral supply [18] . Noninvasive studies using the model of naturally occurring occlusions in patients without myocardial infarctions have confirmed the beneficial action of nitroglycerin on collateral flow [20] , and have revealed that dipyridamole enhanced collateral flow [21, 22] . Piek and coworkers [9] as well as ourselves [10] have recently found that in patients with well developed collaterals the flow can be increased by adenosine, whereas it decreases in poorly grown collaterals. This seems to be in contradiction to the adenosine induced increase in collateral flow in the group with CFI,0.15, and no change in the group with CFI$0.15. However, this apparent disparity is related to the large variability of collateral flow responses in the group with Vanoverschelde [22] , 11 of 21 diminished flow in a recent study of our laboratory [10] , and four of nine revealed a 4.3. Documentation of a mechanism causing coronary reduced hyperemic collateral flow in this investigation steal (Fig. 3) . Conversely, only two of 24 patients with one vessel CAD in the study by Piek et al. had a deteriorated
One of the goals of this study was to test whether the collateral flow response as determined by Doppler flow hemodynamic changes during hyperemia were in accordwires [9] .
ance with the electric analogue model explaining the Recently, it has been demonstrated in humans that an occurrence of coronary steal [8] . The specific situation of occlusive collateral flow increase during hyperemia is the an ipsilateral coronary flow decrease during hyperemia result of a reduced collateral resistance [9, 10] , and possibly occurred in two patients with well developed collaterals. also a lowered peripheral vascular resistance of the collaBoth of them revealed the two largest collateral flow drops teral recipient artery [9] . Whether hyperemic collateral during hyperemia (Fig. 3) . This together with a simultaflow alterations measured during occlusion of a vascular neous resistance decrease in the contralateral vessel to 20% area are clinically relevant may be questionable, parof the baseline value indicates that steal took place via the ticularly in the setting of the patent albeit stenosed collaterals and not via adjacent branches or vertically coronary artery. A possible approach to this problem is to within the myocardium [6] . That both the ipsilateral and determine whether the hyperemic flow heterogeneity durthe collateral resistance increased and decreased, respecing vessel patency in the vascular territory investigated is tively during hyperemia in the two cases with steal associated with vascular resistance alterations in neighsuggests that the hyperemic resistance alteration of the boring regions.
collateral supplying vessel may be the major determinant in the occurrence of steal. This complies with experimental 4.2. Coronary flow heterogeneity and adjacent vascular [7] as well as theoretical model studies [8] ; the latter resistance alterations predict that a severely stenotic, collateral-receiving vascular region with exhausted microcirculatory vasodilator A major difficulty in assessing how adjacent vascular capacity undergoes a drainage of flow during hyperemia hyperemic resistance changes contribute to the flow heterotowards the still lowerable resistance of the collateralgeneity of a region is to separate the relevance of the supplying bed. neighboring vasculature from several other structural and hemodynamic variables influencing the coronary circula-4.4. Study limitations tion. Two of those co-variables leading to a non-uniform regional flow distribution are the irregular structure of the Aside from the limitations alluded to above there are coronary artery tree, and the possibility of flow redistribuconfounders of the relation between CFVR and collateripsi tion between adjacent vascular areas at vessel bifurcations. al / contralateral resistance changes such as technical limitaFlow heterogeneity due to an irregular design of the tions of obtaining satisfactory flow velocity signals. These coronary circulation is a feature inherent already in the problems have been described in detail elsewhere [15, 25] . normal situation [23] . In the situation of certain coronary
We tried to avoid them by careful patient selection (no stenoses combinations at a vascular bifurcation, it has been patients with tortuous vessels or multiple stenoses in directly documented in dogs without collaterals that flow series) and by appropriate positioning of the Doppler during hyperemia can be redistributed via adjacent branchguidewire away from regions of turbulent flow. Pressure es [24] . The variability in the associations between occluguidewire measurements are more robust to positional sive collateral and contralateral vascular resistance changes influence than velocity measurements, and satisfactory and the ipsilateral CFVR (Figs. 4B and 4C) indicates that tracings can be obtained almost always unless the wire is the co-factors just described must have played an imlocated too proximally in the vicinity of the stenosis. portant role.
The routes of adenosine administration (i.c. or i.v.) used The finding that a hemodynamic influence on the in this study may theoretically induce different levels of ipsilateral CFVR is exerted by the adjacent vascular hyperemia. This is unlikely, since Wilson et al. have resistances only in patients with well developed collaterals shown that the dosages used in this investigation for i.c. has been suggested before [9] . Additionally, the different and i.v. administration are equivalent [13] . Additionally, a behavior of the hyperemic response depending on the comparison of CFVR induced by adenosine in 12 of our collaterals is also corroborated in our study by the fact that own patients provided a value of 2.460.9 for i.c. and a in the group with CFI,0.15 versus $0.15, CFVR was CFVR of 2.360.5 for i.v. administration. Statistically nonipsi associated much closer to the severity of the stenosis to be significant differences between the study groups regarding dilated. The fact that in patients with few collaterals the drug therapy (which was not stopped prior to the study) contralateral CFVR did not improve after PTCA of the may have influenced the results of the investigation. ipsilateral stenosis ( 
